Abstract-This paper studies basic interleaved buck converters using a switching rule based on a winner-take-all principle. As the parameters are selected suitably, the system can realize multiphase synchronization automatically which is convenient for the ripple reduction of the output current. As the parameters vary, the system exhibits a variety of synchronous phenomena. Using the piecewiseconstant model, we give the parameter condition theoretically for existence and stability of the synchronous phenomena. The simple test circuit is presented and typical synchronous phenomena are confirmed experimentally.
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I. INTRODUCTION
P ARALLEL connection of switching converters is an interesting technique both from practical and fundamental viewpoints [1] - [12] . First, the converters share the output current. The sharing is suitable for lower voltages with higher current capabilities in the next generation of microprocessors [6] , [7] . The sharing is also effective to improve reliability and fault tolerance. Second, ripple reduction of the output current is possible. It is convenient to reduce size and losses of the filtering stages; and also can decrease switching and conduction losses and electromagnetic interference (EMI) levels. In order to reduce the ripple, some efficient phase-control techniques have been studied [2] - [9] . Third, the switching converters are interesting switched dynamical systems which have rich nonlinear phenomena [13] - [19] . The nonlinear switching rules can cause interesting periodic and chaotic phenomena. There exist some works of chaotic phenomena for the EMI improvements and security of spacecraft power systems [20] - [25] . In the published literature, single converters have been studied well, however, synchronous phenomena of the interleaved converters have not been studied sufficiently. Theoretical analysis of the synchronous phenomena is desired both from practical and fundamental studies. This paper presents basic interleaved buck converters (IBCs) and analyzes the dynamics. The IBC consists of identical buck converters connected by a switching rule based on a winner-take-all (WTA) principle. As the parameters are selected suitably, the WTA-based switchings can realize -phase synchronization (multiphase synchronization between modules) automatically which is convenient for the ripple reduction of the output current. As the parameters vary, the IBC exhibits a variety of synchronous phenomena and basic classification of the synchronous phenomena is given. It should be noted that the WTA is a nonlinear function of multi variables that is applied to various systems including multiplex communications [26] , [27] . In order to analyze the synchronous phenomena we simplify the system dynamics into a piecewise-constant (PWC) model where the original parameters are integrated into two dimensionless parameters. The PWC model has a piecewise-linear solution and is well suited for theoretical analysis. In the published literatures the PWC models are used effectively to analyze bifurcation phenomena and switching spectrum property of single power converters [13] , [22] , [28] . Using the PWC model we give conditions for existence and stability of the synchronous phenomena. The conditions are described rigorously as inequalities of the two dimensionless parameters. Using a simple test circuit typical synchronous phenomena are confirmed experimentally. Preliminary results along these lines can be found in [29] , [30] . It should be noted that main subject of this paper is not presentation of practical power converters but provision of theoretical results for multiphase synchronous phenomena in basic power converters. The theoretical results provide useful information for understanding multiphase synchronous phenomena in large scale switched dynamical systems. Also, the results may be developed into design of efficient practical interleaved converters in the future. Fig. 1 shows the basic IBCs: identical buck converters are interleaved between voltage source and the load that is represented by an circuit. It should be pointed out that, although this paper discusses only the IBCs, the discussion is applicable also to interleaved boost converters, interleaved buck-boost converters, and so on. The th converter, , includes a current-controlled switch and an ideal diode . The switch is controlled based on a periodically sampled current , where is a sampling period and is a positive integer. In order to define the switching rule, let the th converter be one of the following three states (see Let the th converter be State 1. In this case the current increases to a threshold . At the moment when reaches , the converter is changed into State 2 and is connected to the load. Let the th converter be State 2. In this case, decreases for zero. If and is the minimum at among all the currents then the th converter is changed into State 1 at and is connected to the source. If reaches zero then the converter is changed into State 3. Let the th converter be State 3. In this case, the current is the minimum and thus the converter is changed into State (2)
II. INTERLEAVED BUCK CONVERTERS
The output current is given by . Equation (2) is the PWC model whose solution is piecewise linear. In [13] , [22] , [28] , such PWC models are used effectively to analyze bifurcation phenomena and switching spectrum property in single power converters. We regard the converter with the minimum sampling current as a winner at the sampling moment and refer to this switching rule as a WTA-based switching rule. It should be noted that plural winners can exist for only State 3: if plural converters are State 3 at , then they are winners at and are changed into State 1 simultaneously. In State 1 and 2, possibility of the plural winners is measure zero. Using the dimensionless variables and parameters (3) Equations (1) and (2) . Hereafter, we analyze the dynamics of the IBC using (4) . The dimensionless output current is given by . If is periodic with period , , the output current is characterized by the ripple factor for (5) where denotes the dc component of . Fig. 3 shows typical phenomena for . In Fig. 3(a) , we can see that the WTAbased switching can distribute phases automatically and the system exhibits 3-phase synchronization in CCM with efficient ripple reduction. Although this figure shows an ideal case of and , noticeable ripple reduction is possible for wider parameters. In DCM, the IBC can exhibit interesting synchronous phenomena including 3-phase synchronization [ Fig. 3(b) ] and 2-phase synchronization having two winners at odd value of [ Fig. 3(c) ]. The case of Fig. 3(c) may be inconvenient for the ripple reduction. We have also confirmed chaotic phenomena in CCM [ Fig. 3(d) ].
III. ANALYSIS OF SYNCHRONOUS PHENOMENA
As preparation for the analysis, we define synchronous phenomena and their stability. 
Definition 1:
The system is said to exhibit an -phase synchronization with period (N-SYN) if the following is satisfied in the steady state: for at (6) where is a switching instant at which is the unique winner: the th converter is switched from State 2 to 
where and is a switching instant at which is a winner: the th converter is switched from State 3 to State 1 at . For example, 2-OSYN in Fig. 3(c) is characterized by . Since the period is smaller than , at least two winners co-exist. For example, and are the co-winners at in Fig. 3 (c). It should be noted that the co-winners are possible only in the State 3 hence the M-OSYN is possible only in the DCM.
Definition 3: Let be a solution of (4) for a synchronous state (N-SYN or M-OSYN). The synchronous state is said to be stable if approaches increases for where is a small perturbation at an initial time . The synchronous state is said to be superstable if for where is some finite time. It should be pointed out that, although in the following analysis only for the case is considered for simplicity, the results can be extended easily for .
A. Synchronous Phenomena in CCM
Let hit the threshold 1 at time and let the IBC be switched from State 2 to State 1 at time as shown in Fig. 4(a) . Let hit the threshold again at time takes the minimum value at time and operates in CCM for . For such a solution, we obtain (8) Substituting into (8) and eliminating , and , we obtain (9) Let and let as shown in Fig. 4(a) . In this case and also have period 3; and , and share the winner periodically is the winner at time is the winner at time is the winner at time (10) That is, condition (9) guarantees existence of 3-SYN in CCM. Next, eliminating from (8) and solving for , we obtain (11) Equation (11) says that a small perturbation of is reduced at time if and is expanded at time if . Since the small perturbation of is equivalent to that of , we can say SYN is stable if and is unstable if (12) It should be noted that this condition can not guarantee the global stability but the local stability. More detailed discussion on such local stability for single converters can be found in [28] . As shown in the next section, these synchronous phenomena can be confirmed experimentally. Conditions (9) and (12) are illustrated in Fig. 5 . These conditions can be extended for .
Condition 1:
There exists an N-SYN in CCM if (13) The N-SYN is stable if and is unstable if .
Remark 1:
In order to reveal the meaning of Condition 1 we recast inequality (13) in terms of original parameters: referring to definition of and in (3), we obtain (14) This guarantees existence of N-SYN in CCM. The N-SYN is stable if and is unstable if . Adjusting we can realize stable N-SYN in CCM for . For the unstable N-SYN can be stabilized by applying compensating ramp as suggested in [28] . However, the subject of this paper is analysis of basic interleaved converters without compensation and such stabilization problem will be discussed in the future.
Remark 2: Condition 1 also provides important information for the fault tolerance. For example, let us consider the case where and are satisfied for . If one of the converters is broken suddenly, the 4-SYN is to be impossible. However, Condition 1 guarantees that the WTA switching can recover 3-SYN automatically provided the broken converter is removed.
B. Synchronous Phenomena in DCM
As shown in Fig. 4(b) , let hit the threshold 1 at time , reach 0 at time and let . is switched from State 2 to State 3 at time and is switched from State 3 to State 1 at time . then begins to increase and let hit the threshold again at time
For
, the IBC operates in DCM. For such a solution, we obtain (15)
Let
. Substituting this into (15), we obtain the condition (16) Let and let . In this case, , , and share the winners periodically and have period 3 at at at (17) That is, condition (16) guarantees existence of 3-SYN in DCM. Even if has small perturbation, is changed from State 3 to State 1 at time and hits the threshold at time . That is, the perturbation is removed completely at time hence the 3-SYN in DCM is superstable. It should be noted that the (local) pull-in process to the superstable synchronous states is very fast.
Let . Substituting this into (15), we obtain the condition (18) for for (19) In a likewise manner, as the 3-SYN in DCM, we notice that this 2-OSYN is superstable. The Conditions (16) and (18) Adjusting , we can realize superstable N-SYN in DCM. Replacing with we can discuss superstable M-OSYN. Note again that Conditions 1 and 2 do not guarantee global stability but local stability. In other words, the existence of an attractor is guaranteed but the number of co-existing attractors (if any) has not been clarified so far.
IV. EXPERIMENTS
In order to confirm typical synchronous phenomena experimentally we have fabricated a test circuit for . As shown in Fig. 6 , a small resistor is inserted for a current sensing of each inductor. In the current-to-voltage conversion module (IVC), the input resistor is selected to be large enough. The branch voltage of is applied to the comparator and WTA circuit. The winner at each period is detected by the WTA circuit with clock pulse-train having period . The outputs of the comparator and WTA circuit are applied to the reset and set terminals of the flip-flops which control the switch , .
In the experiment, we have used an circuit instead of in the PWC model. Fig. 7 shows the typical phenomena. Ripple reduction of the output current is achieved in 3-SYN in CCM [ Fig. 7(a) ]. We have also confirmed 3-SYN in DCM [ Fig. 7(b) ] and 2-OSYN [ Fig. 7(c) ]. In the 2-OSYN, two winners co-exist and the output current has large ripple. Chaotic behavior has also been observed as shown in Fig. 7(d) . Although chaos in single power converters has been studied well [28] , chaos in higher dimensional systems including the IBC is hard to analyze. Such higher dimensional chaos is an interesting research object and we hope to analyze the phenomena in the future. Here, we can say that the PWC model can provide basic information to understand these experimental results where the parameter is calculated by replacing with the dc component of the output voltage . It should be mentioned that this test circuit is aimed at basic laboratory experiments for confirmation of typical phenomena and the design should be modified for practical applications.
V. CONCLUSION
We have studied a variety of synchronous phenomena in the IBCs based on WTA-based switchings. Using the PWC model, we have given a parameter condition for existence and local stability of each synchronous phenomenon. Using a simple test circuit, typical phenomena are confirmed experimentally. Ripple reduction is possible in the multiphase synchronous states and the system can exhibit interesting synchronous phenomena and chaos. These results provide useful information for both practical and fundamental studies. Future problems are many, including the following:
1) detailed analysis of synchronization, higher dimensional chaos and related bifurcation phenomena; 2) evaluating the effect of transients on the phase-shift of the modules; 3) evaluating the sensitivity of the system to parameter variations; 4) design of a practical circuit with compensation module and/or control module chip for higher reliability and efficiency. Recently (Nov. 2004) we have found [31] that discusses interleaved dc-dc converters including a kind of WTA switchings from practical viewpoints.
